The development of the cardiac outflow tract (OFT) and great vessels is a complex process that involves coordinated regulation of multiple progenitor cell populations. Among these populations, neural crest cells make important contributions to OFT formation and aortic arch remodeling. Although numerous signaling pathways, including Notch, have been implicated in this process, the role of epigenetics in OFT development remains largely unexplored.
M ammalian cardiac outflow tract (OFT) and aortic arch morphogenesis is characterized by the tightly coupled development of multiple cell types. The complexity of this process is underscored by the prevalence of congenital anomalies of great vessel patterning in humans. 1 The heart, OFT, and aortic arch are formed by several developmentally distinct cell populations, including cardiomyocytes (derived from the first and second heart fields), vascular smooth muscle cells (derived from the second heart field and neural crest), and endothelial cells. 2 These populations of cells interact within the maturing pharyngeal arches-a dynamic milieu in which cross-regulation between these cell types, as well as the pharyngeal endoderm and ectoderm, results in the coordinated development of the OFT, great vessels, and neighboring structures. 3, 4 Many of the processes that regulate cell fate decisions and patterning during OFT development are also active in vascular remodeling in adult disease states in humans. 5 The OFT initially develops as a single vessel, the truncus arteriosus, composed of myocardium and smooth muscle cells emerging from a single, unseptated ventricle. Neural crest cells, which make up the bulk of the pharyngeal arch mesenchyme, contribute to the smooth muscle of the OFT and also condense to form much of the smooth muscle of the aortic arch arteries-a series of paired vessels that connect the developing truncus arteriosus to the dorsal aortae. 6 The aortic arch arteries are then extensively remodeled, eventually giving rise to the mature aortic arch and several great vessels. Neural crest cells also contribute to septation and rotation of the OFT, with secondary effects on septation of the ventricles. These processes are highly dependent on the migration, expansion and differentiation of cardiac neural crest in response to cues from neighboring cells. 1 Murine models of congenital cardiovascular abnormalities have shed new light on the interplay between cell populations in the pharyngeal arches, as well as on the pathogenesis of human congenital cardiac disease. For instance, human mutations in components of the Notch signaling pathway can result in Alagille syndrome, a heterogeneous disorder that can include cardiac OFT defects. It has been demonstrated in mice that active Notch signaling in both neural crest cells and the second heart field is critical for OFT morphogenesis. 7, 8 Notch signaling from endothelial cells to neural crest in the pharyngeal mesenchyme through the Notch ligand Jagged1 is required to initiate smooth muscle differentiation in the aortic arch arteries; in the absence of such signaling, mice develop cardiac abnormalities reminiscent of those found in Alagille patients. 7 In addition to Notch, other signaling modalities including the Wnt, FGF, and BMP pathways, as well as activation of the MAPK pathway by integrin signaling have been shown to be important in OFT formation or remodeling. 4,9 -12 However, despite our increasing understanding of the signaling pathways that influence OFT formation, the mechanisms by which progenitor cells become competent to respond to external stimuli and the means by which these stimuli are coupled to changes in gene expression remain largely unknown.
Class I Hdacs are important regulators of transcription, through both chromatin-mediated (epigenetic) transcriptional repression and direct deacetylation of key transcriptional regulators. 13, 14 Class I Hdacs include Hdac1, Hdac2, Hdac3, and Hdac8. During embryogenesis, these proteins are widely expressed but play specific roles as modulators of early developmental processes and organogenesis. [15] [16] [17] [18] [19] As such, class I Hdacs are intriguing candidates for studying the regulation of gene expression during cardiac neural crest development.
Interestingly, neural crest-specific deletion of Hdac1, Hdac2, or Hdac8 alone does not affect patterning of the great vessels. 19 Hdac3, however, is unique among class I Hdacs in that it associates with NCoR or SMRT in a well-characterized transcriptional repressor complex. 20 Global deletion of Hdac3 results in lethality at the gastrulation stage. 15 In a tissuespecific context, Hdac3 has been shown to regulate differentiation in osteoblast and myocyte precursors. 21, 22 Additionally, Hdac3 has been shown to regulate cell cycle progression in cell lines and cardiomyocytes. 15, [23] [24] [25] [26] Hdac3 also plays important roles in metabolic regulation in multiple tissues, including the heart, through its action as a transcriptional repressor. 15, 25, 27, 28 To study the role of Hdac3 in cardiac neural crest, we genetically inactivated Hdac3 in premigratory neural crest cells. Using in vivo and ex vivo approaches, we show that Hdac3 plays a critical role in smooth muscle differentiation of neural crest cells.
Methods
An expanded Methods section is available in the Data Supplement at http://circres.ahajournals.org.
Mice
Wnt1-Cre, Pax3 Cre , Hdac3 flox , and Z/EG mice were maintained on mixed CD1/B6/129 genetic backgrounds, separated by 3 to 6 generations of in-crossing from pure parental backgrounds. 29 -32 The University of Pennsylvania Institutional Animal Care and Use Committee approved all animal protocols.
Histology, Immunohistochemistry, and In Situ Hybridization
These techniques were performed as previously described. 33 Mutant and littermate control embryos were generated from Wnt1-Cre; Hdac3 f/ϩ ; Z/EG, Wnt1-Cre; Hdac3 f/ϩ or Pax3 Cre/ϩ ; Hdac3 f/ϩ animals crossed to Hdac3 f/ϩ , Hdac3 f/ϩ ; Z/EG, or Hdac3 f/f animals.
Neural Tube Explant Assays
Mutant embryos were obtained from crosses in which Wnt1-Cre; Hdac3 f/ϩ ; Z/EG males were crossed to Hdac3 f/f females, and age-matched control embryos were generated from Wnt1-Cre; Z/EG males crossed to wild-type females. Control and mutant embryos were dissected in parallel in a blinded manner. E9.5 embryos were dissected in sterile Hanks balanced salt solution (HBSS) supplemented with 1% penicillin/streptomycin. The neural tube from the otic placode to first dorsal root ganglion was dissected and incubated in 0.75 mg/mL type I collagenase (Worthington biochemical) in HBSS for 20 minutes at 37°C. Using tungsten needles, the neural tube was then microdissected from the surrounding mesenchyme, split in half longitudinally, and plated on glass chamber slides precoated with 200 g/mL fibronectin (Roche). Explants were incubated for 48 hours at 37°C and 5% CO 2 in DMEM supplemented with 2% horse serum and 1% penicillin/streptomycin. After fixation and immunostaining, each GFPϩ cell that had delaminated from the neural tube was scored as smooth muscle actin (SMA)-positive or SMA-negative.
Statistics
The 2 test and Student 2-tailed t test were used to ascertain differences between groups. A 2 or probability value of Ͻ0.05 was considered significant.
Results

Hdac3 is Expressed by Neural Crest and is Efficiently Deleted in Premigratory Neural Crest by Wnt1-Cre
Immunohistochemistry of staged embryos shows that Hdac3 is widely expressed at E10.5, including in the dorsal neural tube, where neural crest cells are specified before delaminating and migrating throughout the embryo ( Figure 1A ). Hdac3 is also expressed by neural crest derivatives, including dorsal root ganglia (DRG) ( Figure 1A ), pharyngeal arch mesenchyme ( Figure 1B ), conotruncal cushions of the developing outflow tract (Online Figure I, A) , and chromaffin cells of the adrenal medulla (Online Figure I, B ). 
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The Wnt1-Cre transgene is expressed by premigratory neural crest cells as early as E8.75. 29 We used Wnt1-Cre and a floxed Hdac3 allele (Hdac3 f ) to delete Hdac3 in premigratory neural crest cells and their derivatives, and we used the Z/EG reporter to lineage trace neural crest cells in both control and mutant embryos. In this lineage tracing strategy, Cre mediates a recombination event that results in the constitutive expression of GFP in all derivatives of Wnt1-Cre-expressing cells. Immunostaining for GFP revealed expression in the dorsal neural tube in both Wnt1-Cre; Hdac3 f/f (termed Hdac3 Wnt1NCKO ); Z/EG and Wnt1-Cre; Z/EG control embryos ( Figure 1A ). In E10.5 Hdac3 Wnt1NCKO embryos, the GFP-positive cells in the dorsal neural tube show loss of Hdac3 protein ( Figure 1A) , indicating efficient Cremediated recombination in neural crest. Lineage tracing analysis further demonstrated that neural crest cells appropriately populate the DRG, pharyngeal arches, conotruncus, and adrenal glands in Hdac3 Wnt1NCKO ; Z/EG embryos, despite efficient deletion of Hdac3 in all of these tissues ( Figure 1A and 1B; Online Figure I , A, and I, B). In the pharyngeal arches of mutant embryos, loss of Hdac3 protein is specific to the neural crest-derived mesenchyme, whereas expression is retained in ectoderm and pharyngeal endoderm ( Figure 1B ). Taken as a whole, these results indicate that Wnt1-Cre efficiently deletes Hdac3 specifically in neural crest cells and in neural crest derivatives and that cardiac neural crest specification, migration, and survival are grossly intact in the absence of Hdac3.
Loss of Hdac3 In Neural Crest Results in Perinatal Lethality and Severe Cardiovascular and Thymus Abnormalities
Hdac3 Wnt1NCKO embryos are found at expected mendelian ratios in late gestation and are viable until birth (Table 1) . However, these mice uniformly die at P0 ( Table 1) . As neural crest cells make important contributions to the development of the cardiac OFT, we sought to analyze OFT morphology in Hdac3 Wnt1NCKO embryos. Neural crest gives rise to the smooth muscle of the aortic arch from its origin to the ductus arteriosus and large proportions of the smooth muscle in the great arteries. This smooth muscle is critical for vascular integrity during development. In several mutant embryos, we observed complete absence of the preductal aortic arch (Figure 2A versus Figure  2B ), a condition known as interrupted aortic arch (IAA) type B in humans. Other mutants demonstrated aortic arch hypoplasia ( Figure 2C ). Both IAA type B and aortic arch hypoplasia are rare cardiac abnormalities in humans, although both are commonly found in patients with DiGeorge syndrome and other neurocristopathies. 34 In addition to contributing directly to the aortic arch and great arteries, neural crest cells are involved in septation and rotation of the OFT and directly give rise to the smooth muscle of the aorticopulmonary septum. Failure of septation can result in persistent truncus arteriosus (PTA), whereas a combination of incomplete septation and deficient outflow tract rotation can result in double outlet right ventricle (DORV). We observed examples of PTA and DORV in Hdac3 Wnt1NCKO embryos ( Figure 2D and data not shown). It is thought that neural crest cells in the developing aorticopulmonary septum signal to adjacent myocardium during the formation of the intraventricular septum. Consistent with the role of neural crest-derived smooth muscle in ventricular septation, we have observed severe ventricular septal defects in many Hdac3 Wnt1NCKO embryos ( Figure 2E ). Table 2 summarizes the cardiovascular abnormalities observed in late gestation Hdac3 Wnt1NCKO embryos.
To provide further support for our findings, we used a distinct neural crest Cre driver, Pax3 Cre , to delete Hdac3. Hdac3 Pax3NCKO mice succumb by P1 (Online Table I ) and exhibit a similar array of cardiovascular defects as Hdac3 Wnt1NCKO embryos (Online Figure II , Online Table II ). These findings support the conclusion that Hdac3 is required in cardiac neural crest.
The thymus is derived primarily from endoderm but develops in close association with the pharyngeal arches and neural crest. The thymic primordia migrate caudally through the pharyngeal mesenchyme during midgestation to final destinations in the anterior mediastinum. The thymuses of Hdac3 Wnt1NCKO embryos fail to descend appropriately and are dysplastic (Online Figure III) . The abnormal thymic development in Hdac3 Wnt1NCKO embryos is consistent with prior studies that have documented the vital role of neural crest during thymus development, including in thymic migration, intrathymic smooth muscle formation, pericyte formation, and egress of thymocytes. [35] [36] [37] 
Peripheral Neurogenesis and Development of the Adrenal Medulla Occur Normally in Hdac3 Wnt1NCKO Embryos
In addition to smooth muscle of the OFT, neural crest cells in the cardiac and trunk region form the neurons that populate the dorsal root, sympathetic and enteric ganglia, and the chromaffin cells of the adrenal medulla. To determine the requirements for Hdac3 in the differentiation of these derivatives, we first ana- lyzed the peripheral nervous system of Hdac3 Wnt1NCKO embryos. The neurofilament 2H3 is a marker of differentiated neurons. Immunostaining for 2H3 and GFP revealed that differentiated neurons populate the dorsal root ganglia and enteric ganglia of E10.5 Hdac3 Wnt1NCKO ; Z/EG embryos and that these cells are neural crest-derived ( Figure 3A and data not shown). Quantification of peripheral neuron staining intensity in the dorsal root ganglia revealed no significant difference between mutant and control embryos ( Figure 3B ). Optical projection tomography reconstructions of whole mount 2H3-stained embryos revealed normal patterning of the peripheral nervous system, including cranial nerves, dorsal root, and sympathetic ganglia, in Hdac3 Wnt1NCKO embryos compared with controls ( Figure 3C ). The adrenal medullae of E14.5 Hdac3 Wnt1NCKO ; Z/EG embryos also develop normally when compared with control littermates, as determined by immunohistochemistry for the neuroendocrine marker tyrosine hydroxylase and for GFP (Online Figure IV) . Quantification of tyrosine hydroxylase staining intensity revealed no significant abnormalities in chromaffin cell development in the absence of Hdac3 (Online Figure IV) .
Aortic Arch Arteries of E11.5 Hdac3 Wnt1NCKO Embryos Show Decreased Expression of Smooth Muscle Markers
In midgestation, neural crest cells make up the bulk of the mesenchyme in the third, fourth, and sixth pharyngeal arches ( Figure 1B, Figure 4A , and Figure 4B ). A subset of these cells directly apposes the endothelium of the developing aortic arch arteries ( Figure 4B ). Between E10.5 and E11.5, these neural crest derivatives condense in response to signals from the endothelium and differentiate into the smooth muscle of the aortic arch arteries, eventually giving rise to a layer of SMApositive tissue that is normally several cells thick by E11.5 (Figure 4A , 4C, and 4D). 33 In mutant embryos, as in littermate controls, neural crest cells appropriately populate the mesenchyme surrounding the arch arteries ( Figure 4E , 4F, and 4I). However, in 3 of 4 E11.5 mutant embryos, we observed profound deficiencies in smooth muscle populating the nascent arch arteries, as assessed by immunohistochemistry for SMA and the additional smooth muscle marker SM22␣ ( Figure 4E , 4G, and 4H, Online Figure V) . These defects are particularly pronounced in the left fourth and sixth arteries ( Figure 4E and 4J), which give rise to the preductal aortic arch and ductus arteriosus, respectively. Of note, parts of the second arch arteries that are largely populated by non-neural crest-derived smooth muscle cells develop normally in mutants ( Figure 4E and 4J) . The 75% penetrance of gross smooth muscle deficiencies in the caudal arch arteries at E11.5 parallels the penetrance of aortic arch abnormalities observed at E17.5 ( Table 2) . Midgestational decreases in aortic arch artery smooth muscle have previously been shown to portend OFT defects, 7 and we therefore hypothesized that these smooth muscle deficiencies observed at E11.5 account for the late gestational cardiovascular phenotype observed in Hdac3 Wnt1NCKO embryos.
Hdac3-Deficient Neural Crest Cells Exhibit a Cell Autonomous Defect in Smooth Muscle Differentiation
To determine the mechanism underlying the smooth muscle abnormalities in E11.5 Hdac3 Wnt1NCKO embryos, we first determined rates of proliferation and apoptosis in third, fourth, and sixth pharyngeal arch mesenchyme at E11.5 using phospho-histone H3 and Tunel staining, respectively. Neither proliferation nor apoptosis rates were significantly altered in Hdac3 Wnt1NCKO arches versus littermate controls ( Figure 4K ). This suggests that neither increases in cell death in arch artery smooth muscle, nor decreased smooth muscle proliferation contribute to the defects observed. Rather, these results suggest that smooth muscle cells fail to form adequately in Hdac3 Wnt1NCKO pharyngeal arches.
Notch signaling is a critical regulator of smooth muscle formation in neural crest cells, and loss of Notch signaling in the neural crest results in a similar array of OFT defects as observed in this study, with similar decreases in aortic arch artery smooth muscle at E11.5. 7 The Notch ligand Jagged1 is initially expressed in the endothelial cells of the nascent aortic arch arteries at E10.5, and in a positive feedback loop, Jagged1 expression is upregulated in surrounding neural crest cells in response to Jagged1-mediated Notch activation. 33, 38 In Hdac3 Wnt1NCKO embryos, Jagged1 expression in the aortic arch arteries is significantly decreased at E11.5 when compared with Wnt1-Cre controls ( Figure 5A ). Quantification of Jagged1 staining intensity in the region surrounding each aortic arch artery indicated that deficient Jagged1 expression is most prominent in the mesenchyme surrounding the left fourth aortic arch artery ( Figure 5B ). This finding is consistent with our observations of decreased smooth muscle formation in this artery and abnormal development of the left fourth arch artery derivatives in late gestation.
On the basis of our in vivo observations, we hypothesized that neural crest expression of Hdac3 is required for smooth muscle differentiation. We used an ex vivo approach to test this hypothesis. We performed neural tube explant assays using E9.5 Hdac3 Wnt1NCKO ; Z/EG and Wnt1-Cre; Z/EG control embryos. Genetically labeled neural crest cells were allowed to migrate from the dorsal neural tube onto a surrounding layer of fibronectin under conditions that allow for spontaneous differentiation into smooth muscle. Both control and Hdac3-deficient neural crest cells were able to migrate from the dorsal neural tube onto the fibronectin layer ( Figure 6A and 6B ). However, while control cells assume a large, flat conformation after 2 days in culture, mutant cells maintain a rounder phenotype (Figure 6A and 6B) . Costaining for GFP and SMA revealed that control cells are able to efficiently form smooth muscle in culture, whereas the proportion of GFP-positive cells costaining for SMA is significantly lower in mutant explant cultures ( Figure 6C through 6G). These results suggest that Hdac3-deficient neural crest cells exhibit a primary defect in smooth muscle differentiation, consistent with the decreased smooth muscle observed in E11.5 mutant aortic arch arteries and decreased expression of the Notch ligand Jagged1.
Discussion
Class I Hdacs, including Hdac3, are widely expressed during embryogenesis and can regulate hundreds of genes affecting dozens of pathways, including those involved in cell survival, proliferation, and metabolism. 39 In light of their role as global modulators of gene expression, it is somewhat surprising that deletion studies have often revealed highly specific, nonredundant roles for individual class I Hdacs in various cell lineages. For instance, despite widespread expression, global deletion of Hdac2 results predominantly in cardiac abnormalities, whereas global deletion of Hdac8 affects patterning of the anterior calvarium and viscerocranium. 19, 40 In this study, we have elucidated a specific role for Hdac3 in smooth muscle differentiation of cardiac neural crest cells during OFT and aortic arch artery morphogenesis. The specificity of this role is underscored by the lack of peripheral nervous system or adrenal abnormalities in Hdac3 Wnt1NCKO mutants. The smooth muscle deficiencies observed in Hdac3 Wnt1NCKO embryos lead to OFT and aortic arch artery abnormalities, such as DORV, PTA and type B IAAabnormalities that are attributable to a failure of cardiac neural crest-derived structures to form properly. 6 It is interesting to note that while these abnormalities are commonly found in human patients with neurocristopathy, additional OFT malformations often found in such patients, including retroesophageal right subclavian artery and vascular rings, were not observed in this study; this is likely because these latter 2 lesions are generally associated with abnormal persistence of structures which normally regress during development, rather than with the failure of such structures to form appropriately. 6 In the pharyngeal arches, populations of neural crest cells, pharyngeal endoderm, epithelial cells, and cardiomyocytes exist in close association with one another and exert important regulatory roles mediating cell-cell communication. The signals between these cells exist in a delicate balance and are instrumental for coordinating their migration, proliferation, and differentiation. Cardiac OFT malformations have been described as a common end point for disruptions to these processes in the pharyngeal arches; indeed, numerous mouse models in which cross-talk between progenitor cell populations is disrupted result in a wide array of OFT defects. 1,4,9 -12,33 Notch signaling through the Jagged1 ligand has previously been shown to initiate a cascade of smooth muscle differentiation in the aortic arch arteries, as well as to upregulate the expression of Jagged1 itself, in a positive feedback loop. 33, 38 The decreased expression of Jagged1 in the aortic arch arteries of Hdac3 Wnt1NCKO embryos suggests that Hdac3 may be required for Notch-mediated upregulation of Jagged1 and subsequent propagation of smooth muscle differentiation in the aortic arch arteries.
Future work will elucidate the direct targets of Hdac3 that are responsible for its regulation of smooth muscle differentiation and Jagged1 expression, as well as the mechanism by which this regulation occurs.
Hdacs are capable of modulating gene expression in at least two ways. In the classic, epigenetic mechanism, Hdacs deacetylate histone tails at target loci; this results in downregulation of transcription by specifically preventing the binding of bromodomain-containing transcription factors and by inducing a change in chromatin conformation that sterically hinders the binding of additional transcription factors. 13 In a second, nonepigenetic mechanism, Hdacs modulate transcription by deacetylating target transcription factors, resulting in altered stability and activity of these factors. 14, 41 Additional work is needed to determine the nature of Hdac3mediated regulation of smooth muscle differentiation, including whether this regulation occurs through direct deacetylation of transcription factor targets, or whether this effect relies on epigenetic silencing of target loci, including potential inhibitors of the Notch-Jagged1 positive feedback loop.
In addition to its relevance to congenital heart disease, smooth muscle formation is clinically important in the setting of coronary arterial stent restenosis, in which proliferation of smooth muscle cells results in neointimal hyperplasia. Agents such as sirolimus and rapamycin have been shown to be clinically useful in preventing restenosis at least in part by shifting the balance of smooth muscle cells from a proliferating, less differentiated phenotype toward a more quiescent and contractile cell type. 42, 43 Many of the pathways involved in smooth muscle formation in embryogenesis are thought to be similarly involved in smooth muscle differentiation and vascular remodeling in the adult. 44 Although we have demonstrated a requirement of Hdac3 in smooth muscle differentiation during embryonic cardiac development, additional work is needed to determine whether Hdac3 plays an analogous role in smooth muscle formation and phenotypic modulation in the adult vasculature. Hdac inhibitors are widely used therapeutic agents and have previously been proposed as useful agents in the treatment of heart failure. 40 Given a potential role of Hdac3 in modulation of vascular smooth muscle behavior, vascular effects of Hdac inhibitors in various patient populations, including those with coronary disease and vascular stents, will be interesting topics for future study.
